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ABSTRACT- The nonlinear phenomenon inhe- 
rent in travel l ing wave semiconductor op- 
tical ampl i f ie rs  can produce several  harm- 
ful effects in t ransmission systems such 
as pulse distortion in multi-Gbit/s inten- 
sity-modulation systems. In this communi- 
cation, is pasanted a theoretical inves- 
t igat ion of the possibility of reducing 
the gain saturation during the pulse am- 
plification process by  means of  t h e  com- 
pensation of t h e  carrier density varia- 
tions. This should be very  usefu l  i n  many 
optical systems and, specially,  in high 
speed communication systems. 
1. INTRODUCTION 
Travelling wave semiconductor optical am- 
plifiers (TWOA) are emerging as practical 
components for use in optical communica- 
tions systems. using both direct  and 
coherent detection. Several works [11,[21 
have shown that they posses many advan- 
tages, being i t s  high gain over a very 
wide bandwidth one of the  most outstanding 
characteristic. Because of its large band- 
width TWOA are specially suitable to am- 
plify narrow optical pulse [31. The device 
gain can be significantly reduced during 
the pulse propagation and, in consequence, 
the trail ing pulse edge can receive less 
gain than the leading edge causing the  
pulse distortion. This is due t o  the gain 
saturation from decrease of carr ier  
density. 
On the other hand, in a high bit rate 
transmission system i s  thinkable that  the  
time interval between two consecutive sig- 
nals is  comparable t o  or even smaller than 
the carr ier  lifetime of the device. As a 
consequence, the  carr ier  density will not 
be enough time to recover. Clearly, the 
gain experienced by each individual pulse 
will be different from each other and de- 
pendent on the foregoing signals. In this  
communication we study the possibility of 
reducing the variations of the  carrier 
density and so the  saturation gain under 
dynamic conditions. The method proposed to 
reduce the  saturation gain takes into ac- 
count the  propagation coordinate because 
the  carrier density diminution is larger 
at the end of the  amplifier. In Section 2 
we stablish both the basic equations which 
govern the  dynamics of the amplification 
process and the  theoretical base of the  
compensation scheme of the  carrier den- 
sity. Some results are presented in Sec- 
tion 3. where we discuss the  effects  of 
compensation on the amplified pulse and on 
the carrier density. The main conclusions 
are drawn in Section 4. 
2. NONLINEAR MODEL OF A TWOA 
2.1 Basic  E q u a t i o n s  
In the study of pulse propagation in TWOA, 
the  amplifier i s  modeled as a set of two 
level systems with transit ion energies 
extending over the  whole range of the con- 
duction and valence bands. The basic 
equations which govern pulse propagation 
in semiconductor optical amplifier are 
(3) 
where (1) and (2) come from the  wave e- 
quation and they give the  longitudinal va- 
riation of power, P, and phase, #, of the 
pulse. Gp and Lp are the  power gain and 
the losses in the medium respectively, F 
is  the phase gain and N i s  the  carrier 
density. The equation (3) is the  carr ier  
density rate equation which govern the  ca- 
rrier density within the active region. Ne 
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is the  carr ier  density due t o  bias cu- the  f i r s t  term is  constant and represents 
r rent ,  TS is the carrier lifetime, h is  the  pumping carrier density necessary t o  
the Plank constant, U i s  the  optical fre- obtain the  small signal gain, tha t  is, 
( 9 )  
quency and wad i s  the  active region cross 
and the second term is the compensation as 
area. The gain functions can be expressed Go = G p l N = N ~ ~ ,  p=O 
Gp(N,P)= TG(N)[l-Kp(P)I (4) term defined by 
where r i s  the  confinement factor.  G(N) 
with this, the solution of equation (3) can contains the  dependence with the  carr ier  
be approximate as NcrNeo when pulse width 
i s  much shorter  than the  car r ie r  lifetime. 
density, which is  represented by a polynoi 
But equation (10) presuppose to know the  mica1 approximation given by G ( N )  = ZAIN 
suppresion functions which are defined I41 of the amplifier which is unthinkable. 
with i4-04. KP(p) and are the  gain gain and the optical power at each point 
P/P s 
( 6 )  
However, if we assume tha t  exits an ideal 
compensation the gain can approximate as Kp(P)= 
Gp(N) Go (11) 
(Go-Lpl~ (12) 
tha t  is, (11) and (12) are reasonable ap- 
proximations as often as N(z.t)=NBo. Then, 
substituting in equation (10) we obtain 
and so, 
P(z,t)  I PIN(t1.e (7) 
being 13 and phenomenological 
and ps a normalized power which depends on 
the  semiconductor medium. The parameters T S  Go ( G O - L P ) Z . ~ ~ ~ ( ~ )  
values used in the  simulations a re  hu w*dWe NBC(Z,~)  = -
summarized in Table I. 
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2.2 T h e o r e t i c a l  c o m p e  n s a t i o n  of 
In the same way than [SI, in order t o  com- 
pensate the diminution of the carr ier  den- 
si ty we have separated Ne into two terms 
( 8 )  
n o n 1  i n e a r i t y  i n TWOA 
Ne(z.t)  = NBO + Nec(z,t) 
(13) 
therefore,  the  compensation function de- 
pends on the input optical signal and the 
z-coordinate by a exponential function. I t  
i s  possible t o  approximate this  function 
by sections dividing the  amplifier into a 
number m of equal sections. In each of 
these the pumping carr ier  density takes 
the mean value of Nec(z,t), then we can 
obtain 
where i=l,..,m i s  the section number and L 
is  the amplifier length. If m=l (only one 
section) the  result  i s  the same tha t  [51 
doing Lp x GO. So then the  scheme proposed 
to  compensate the carr ier  density is drawn 
in figure 1. 
3. RESULTS AND DISCUSSION 
The set of equations (11, (2) and (3) can 
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Figure I: Compensation scheme. 
not be solved analytically and, in conse- 
quence, i s  necessary i t s  numerical solu- 
tion. In the simulations we have consi- 
dered a Gaussian pulse for  which 
where Ein i s  the input pulse energy and to 
is related t o  the  full  width at half maxi- 
mum (FWHM) by tp=1.665to. In figure 2 is  
represented the carr ier  density as a func- 
tion of the propagation coordinate z f o r  
the pulse peak when there is  no compen- 
sation, curve (c), and when there is  the- 
oretical compensation (131, curves (b)  and 
(3. The difference between these last  
curves is  tha t  (b)  does not take into ac- 
count the supression gain terms in con- 
trast t o  (a) where they a re  taken into ac- 
count. Of course, when there  is  no compen- 
sation the carr ier  density decrease along 
amplifier length when pulse is  passing. 
Nevertheless, when compensation i s  opera- 
ting the carr ier  density is  aproximately 
constant if the gain supression terms are 
not taking into acount (K~(P)=KF(P)=O). On 
the contrary, when they are taking into 
account exits a light increment at the end 
of the amplifier. The value of carr ier  
density given by (13) i s  larger than the  
value given by (10) because the f i r s t  does 
not look at the gain disminution due t o  
optical power in the medium (supression 
phenomenon). 
In figure 3 is  shown the evolution of ca- 
rrier density along amplifier length when 
there is  compensation considering the the- 
oretical case (curve (a)) ,  only one sec- 
tion (curve (b)) and four sections (curve 
(cl). W e  can observe tha t  the average of 
the carr ier  density in each section i s  
approximately constant and equal t o  the  
carr ier  density obtained in the theore- 
tical compensation case. This is the main 
reason from what the shape and phase of 
the amplified pulse are independent of the  
N (m-’) 
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Figure 2: Theoretical compensation. 
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Figure 3: Evolut ion of c a r r i e r  density f o r  
sections number used as we will see in fi-  
gures 4 and 5. However, the section number 
has influence on the  final level achieved 
to  the carr ier  density and, therefore,  on 
the recuperation time t o  initial state 
(before the  pulse amplification) of the 
amplifier. If this  time decreases, the  se- 
paration between two consecutive pulses 
can decrease, being the gain of each in- 
dividual pulse the  same. 
The input pulse phase represented by equa- 
tion (15) i s  equal t o  zero, nevertheless 
will be modified during the amplification 
process. The diference between the 
instantaneous frequency and the optical 
frequency can be obtained as 
d i f f e r e n t  sect ions .  
1 ddJ 
2n d t  Afrec = - - - (16) 
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Figure 5: Output frequency displacement. 
In figures 4 and 5 are shown the shape and 
frequency displacement, Afrec, of de am- 
plif ied pulse, respectively. The curves 
(e) represent the  situation where there is  
no compensation and the others are f o r  the 
compensation situation. The curves (a) and 
(b) represent the theoretical compensation 
without and with supression gain, and (c) 
and (d) represent the compensation case 
with supression gain for  one and four 
sections respectively. The figure 4 shows 
as the amplified pulse without compen- 
sation is  lightly assymetric (the pulse 
maximum shif ts  t o  the leading pulse edge) 
as a consequence tha t  the trailing pulse 
edge receive lower gain than the trailing 
edge. In a Compensation situation (curves 
(b),(c) and (d)) the shape of amplified 
pulse i s  independent of the number of 
amplifier sections. This is  due t o  each 
section has the same average gain along 
the amplifier length. In figure 5 can be 
observed tha t  whithout compensation the 
frequency displacement increases almost 
linearly over the central  par t  of the 
pulse. Such a linear characterist ic im- 
plies tha t  the  pulse can be compressed in 
a dispersive medium. Like the shape, the 
frequency displacement i s  independent of 
the number of sections. On the  other hand, 
the displacement maximum is  lower in a 
compensation situation. Noted tha t  in a 
compensation situation without supression 
(curve (a)) Afrec is almost equal t o  the 
input one. This result  confirms tha t  the 
compensation of the carr ier  density dimi- 
nution i s  more effective at least  impor- 
tan t  is  the  supression phenomenon. 
4. CONCLUSIONS 
In this  communication we have presented 
theoretical results re la te  t o  dynamic 
compensation of the  saturation gain in 
semiconductor optical amplifiers. The me- 
thod t o  reduce the saturation gain con- 
s is ts  of a inhomogeneous pump of the 
amplifier. This inhomogeneity can be achi- 
eved using a multisegment amplifier. The 
obtained results show tha t  when the number 
of sections increase, the  time interval 
between two consecutives pulses can de- 
crease being dynamic gain equal t o  each 
individual pulse. 
On the  other hand, this compensation 
method is  valid for  low variations of the 
carr ier  density in relation to  the 
injected carr ier  density (NBo). Under this 
conditions, the dynamic gain i s  close t o  
small signal gain of the  amplifier. 
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